Purpose of review To demonstrate how neurophysiological tools have advanced our understanding of the pathophysiology of paediatric movement disorders, and of neuroplasticity in the developing brain.
INTRODUCTION
Movement disorders remain a significant cause of childhood disability, with lifelong implications for the child and society. Understanding the underlying pathophysiology of movement disorders is the key to developing effective therapies and to providing an individualized approach to management.
Significant developments in neurophysiology over the last 20-30 years have advanced scientific knowledge of normal and disordered movement control [1] . However, much of this understanding comes from adult-based studies with far fewer studies in children. Adult findings cannot necessarily be extrapolated to children and dedicated paediatric studies are essential (Table 1) [2 & ]. This review highlights recent neurophysiological research studies in children with movement disorders that have advanced understanding of pathophysiology and neuroplasticity in the developing brain. The term 'movement disorders' can be understood in different ways. This review covers disorders of the central control of movement, including disorders of pyramidal and extra-pyramidal systems, but not disorders of peripheral nerve or muscle. The use of neurophysiological techniques as therapeutic tools [e.g. repetitive transcranial magnetic stimulation (rTMS) or transcranial direct current stimulation] is beyond the scope of this article but is covered in detail elsewhere [3 & ].
Transcranial magnetic stimulation
TMS is a noninvasive, painless method of cortical stimulation and has transformed the understanding of motor neurophysiology over the past three decades. It is safe and well tolerated in children and has been used to demonstrate maturational changes in corticospinal tract (CST) function, measures of corticospinal excitability, intracortical inhibition and plasticity. 
KEY POINTS
The neurophysiology of paediatric movement disorders is an under-researched area, with most studies focusing on hemiplegic cerebral palsy and few on other conditions. Neurophysiological studies have provided significant insights into the pathophysiology of movement disorders.
TMS has been used to demonstrate changes in corticospinal connectivity and excitability in movement disorders and evidence of neuroplasticity in the developing or injured brain.
Evoked potentials and event-related changes in spectral EEG activity have provided evidence of abnormal sensory processing/sensorimotor integration in a range of paediatric movement disorders.
Neurophysiological tools provide objective evidence of nervous system function and have great potential for use as biomarkers and/or for biofeedback as technologies develop. ] recently evaluated corticomotor neurophysiology of the contralesional hemisphere in children with unilateral perinatal stroke. One of their most striking observations was the difference in motor evoked potential (MEP) stimulus response curve between groups during conditions of active contraction. Compared with controls, the increase in area under the curve with increasing stimulus intensity during active contraction was significantly smaller in the contralesional side and less affected hand of patients, either with or without ipsilateral projections. The observed alterations in cortical mechanisms involved in activating the less affected hand have important implications for rehabilitation in children with perinatal stroke.
Insights into therapy-driven changes in cortical plasticity
Therapy-induced changes in cortical excitability have been assessed by comparing MEP amplitudes before and after therapy. Juenger et al. [12] reported increased motor cortex excitability for those with contralateral but decreased excitability for those with ipsilateral CST projections, following CIMT. In contrast, in a study of changes following HABIT, Bleyenheuft et al. [13 & ] found increased motor cortex excitability in two patients, one with contralateral and one with ipsilateral CST connectivity.
More recently, Friel et al. [14 && ] used TMS to assess motor cortex excitability and to map the cortical representation of two upper limb muscles before and after bimanual therapy for children with hemiplegic cerebral palsy, comparing a group who underwent a structured skill training approach, using progressively more difficult tasks, versus an unstructured approach. Although both groups showed improvements in bimanual hand use and dexterity, only the structured skill group showed evidence of significant changes in plasticity. Changes in motor map size correlated with functional improvements, demonstrating the clinical relevance of these cortical changes. Furthermore, plasticity of motor maps was demonstrated regardless of whether they were located in the hemisphere contralateral or ipsilateral to the most affected hand. Electromyography (EMG) studies have demonstrated plastic changes in the CST following gait training in children with spastic cerebral palsy. Changes in the strength of tibialis anterior EMG:EMG coherence were positively correlated with improvements in the individuals' ability to lift the toes in the swing phase [15] .
Evoked potentials, event-related potentials and spectral electroencephalogaphy changes: investigating sensory pathways and processing Neurophysiological studies have also advanced our understanding of the role of sensory abnormalities in the pathophysiology of movement disorders. In a combined neurophysiology and neuroimaging study, Papadelis et al. [16] demonstrated altered morphology of somatosensory evoked responses using magnetoencephalography (MEG) in children with hemiplegic or diplegic cerebral palsy, along with altered somatotopic organization of the primary somatosensory cortex (functional MRI findings) and structural deficits in thalamocortical pathways to both precentral and postcentral gyri [diffusion tensor imaging (DTI) findings]. Pihko et al. [17] also found delayed or altered morphology of somatosensory evoked responses in the lesioned hemisphere of children with hemiplegic cerebral palsy.
Event-related desynchronization (ERD) or synchronization (ERS) measure non-phase-locked changes in the ongoing electroencephalogaphy (EEG) activity. These reflect a transient decrease or increase, respectively, in the ongoing rhythmic/oscillatory activity. ERD and ERS are observed in specific frequency bands in response to sensory stimulation or movement and are considered to reflect changes in cortical processing/ activation. Several recent studies have identified deviations from these normal patterns in children with cerebral palsy, providing evidence for abnormal cortical processing of sensory information: Kurz et al. [18 & ] used MEG to study cortical activity in response to a tactile stimulus in eight children with spastic cerebral palsy. Compared with typically developing children, children with cerebral palsy had a similar event-related increase in alpha-theta frequency activity (4-14 Hz), but an increase rather than decrease in beta frequency activity (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Similarly, Riquelme et al. [19] showed an increase in beta power in response to tactile stimulation in children/young adults with bilateral asymmetrical cerebral palsy, rather than the typical decrease. Kurz et al.
[20] also demonstrated that aberrant alpha range synchronization in the somatosensory cortices was linked with errors in the performance of an isometric ankle plantar-flexion task in children with diplegic or hemiplegic cerebral palsy, and that the reduced responsiveness of alpha range activity in primary somatosensory cortex was associated with reduced ankle strength, step length and walking speed [21 & ], emphasizing the functional relevance of these changes.
Diminished proprioception in children with cerebral palsy may also impact on motor imagery, as the internal representation of an action. Jongsma et al.
] recently demonstrated impaired motor imagery for the affected hand in children with hemiplegia, with altered event-related potentials compared to controls during a hand laterality judgement task.
DYSTONIA
Beyond the field of spastic cerebral palsy, there are far fewer studies in children with other (extrapyramidal) movement disorders. The proposed pathophysiological mechanisms of dystonia are based on adult studies. These include evidence of deficient inhibition throughout the nervous system, exaggerated plasticity, disordered sensorimotor integration and pathologically enhanced low-frequency oscillatory activity in the basal ganglia-thalamo-cortical network [1, 23, 24] . However, these studies focus on primary (genetic or idiopathic) dystonia. Individuals with secondary (acquired) dystonia do not necessarily show the same abnormalities. In particular, adults with hemidystonia secondary to unilateral basal ganglia/thalamic stroke do not show the exaggerated plasticity seen in primary dystonia [25] . Furthermore, the location of basal ganglia lesions appears to influence the changes in corticospinal excitability seen in adults with secondary dystonia [26] .
The spectrum of disorders leading to dystonia in childhood is different from that in adulthood, with secondary/acquired dystonia (e.g. dyskinetic cerebral palsy due to prematurity or term hypoxic ischaemic encephalopathy) being more common than primary. Disease mechanisms are likely to be different in individuals with an injury/insult to the brain during early development. Accepted models of 'normal' sensorimotor control may not be applicable as these networks may be disrupted, reorganized or never fully develop. Lessons learned from hemiplegic cerebral palsy emphasize this. Significant knowledge gaps in the pathophysiology of childhood dystonia are currently impeding our ability to manage these individuals. A comprehensive, systematic evaluation of neurophysiology in children with dystonia is needed.
Transcranial magnetic stimulation to assess corticospinal tract integrity
McClelland et al. [27] previously assessed CST integrity in a heterogeneous group of 62 children with dystonia, using TMS to measure central motor conduction time (CMCT). CMCT was normal in most children studied, including those whose cranial MRI raised suspicion of CST damage. DTI metrics did not correlate with TMS measures of CST integrity [28 & ], emphasizing that neurophysiology and imaging provide different, complementary information (Table 2) .
Sensory evoked potentials
Our more recent study of a large (>100) cohort of children with dystonia found that abnormal sensory evoked potentials (SEPs) were more frequent than CMCT abnormalities, being seen in more than half of those with secondary/acquired dystonia [ ] analysed spectral changes in sensorimotor cortex activity during an isometric wrist extension task in individuals with hemidystonia following childhood stroke. They found that typical task-related changes in EEG spectral power were reduced in the ipsilesional hemisphere of patients with dystonia compared with healthy controls. This reduced desynchronization correlated with reduced force produced by the affected wrist. In addition, coherence between the sensorimotor cortex of the two hemispheres was reduced in the dystonia group compared with controls, and this correlated with poorer function and greater dystonia severity in the affected arm.
Electromyography studies
A recent study by Lunardini et al. [32 & ] recorded joint kinematic and EMG data from upper limb muscles during a simple figure of 8 writing task. Children with dystonia (n ¼ 7) showed increased EMG activity uncorrelated with the movement task compared with healthy controls, even when the degree of accuracy was similar between groups. If validated in larger studies, this method could potentially provide objective assessment of movement abnormality in childhood dystonia.
Basal ganglia neuronal activity
McClelland et al. [33 & ] report findings from microelectrode recordings of pallidal neurons obtained at the time of DBS surgery in 44 children with dystonia. They show clear differences in pallidal neuronal firing rates and patterns between 14 children with primary dystonia, 22 children with secondary dystonia arising from a static brain lesion and eight children with neurodegenerative dystonia due to pantothenate kinase 2 (PANK2) deficiency. Within the secondary dystonia group, those with perinatal lesions (dystonic cerebral palsy) had the slowest firing rates in the globus pallidus internus (GPi). The differences in GPi firing patterns correlated with clinical phenotype: those with fixed/static dystonia showed a higher proportion of regularly firing cells, whereas those with phasic/dynamic dystonia showed a higher proportion of irregularly firing cells. Furthermore, GPi cells from the children with PANK2 deficiency showed a predominantly regular firing pattern, in contrast to the other groups, who showed predominantly irregularly firing cells (Fig. 1) [33 & ]. Interestingly, mean GPi firing rates correlated with outcome from DBS.
OTHER MOVEMENT DISORDERS

Khedr et al. [34
& ] report reduced motor cortex excitability in 16 adolescents and young adults with Sydenham's chorea, using TMS measures. This interesting finding challenges the accepted model that a hyperkinetic disorder will be associated with decreased cortical inhibition/increased excitability. A number of explanations are feasible, including the possibility that compensatory mechanisms are at play [35] . On a similar theme, Draper et al.
[36 & ] demonstrate in 10 adolescents with Tourette syndrome that changes in motor cortex excitability in advance of movement are not in keeping with those predicted, based on previously proposed models of cortical hyperexcitability and reduced cortical inhibition. Moreover, they find that the rise in MEP amplitude during movement preparation was smallest in those with the greatest clinical severity of tics. They argue that the findings represent the development of compensatory mechanisms to suppress corticospinal excitability, reflecting the observation that most patients with Tourette syndrome are able to gain control over their tics by early adulthood.
Buse et al.
[ 37 & ] demonstrate reduced sensorimotor gating in children with Tourette syndrome, using the blink startle reflex in a prepulse inhibition (PPI) paradigm. In healthy controls, the ocular EMG response to a startle stimulus is reduced in those trials in which the startle stimulus is preceded by a weaker 'prepulse' stimulus, demonstrating PPI, whereas boys with Tourette syndrome (N ¼ 22) showed significantly less PPI in their ocular EMG response. This observation was paralleled by functional MRI changes. The findings provide further evidence that Tourette syndrome is characterized by a heightened sensitivity to external stimuli and impaired ability to suppress a motor response to a sensory stimulus.
CONCLUSION
Neurophysiology in paediatric movement disorders is a neglected field, but significant advances have been made: The contribution of aberrant sensory processing to the underlying pathophysiology of disorders previously regarded as having 'pure motor' phenomena is much greater than previously appreciated, with evidence for abnormal sensorimotor integration across a range of movement disorders. This has important implications for therapy. Studies in hemiplegia demonstrate that perinatal brain lesions can lead to activity-dependent reorganization of sensorimotor pathways, clear justification that we cannot assume previously accepted models of normal sensorimotor networks, based on adult studies, to apply in paediatric movement disorders. More work in this area is therefore urgently needed. Although children with movement disorders can be difficult to study, neurophysiological recordings are non-invasive, well tolerated and can be suitable for biofeedback (Table 2 ) so the field is poised for expansion. Many factors point towards early intervention as a means to maximize benefit following perinatal brain injury, particularly in the growing field of neuromodulation. A thorough, systematic evaluation of sensorimotor neurophysiology during normal development and following early brain injury will be both a prerequisite to, and an integral part of, the implementation of such programmes. This study is the first to investigate the influence of corticospinal connectivity on the response to a bimanual therapy regime in a group of children with hemiplegia and to demonstrate a similar degree of improvement for children with ipsilateral or contralateral projections.
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